Scientific publications written in natural language still play a central role as our knowledge source. However, due to the flood of publications, obtaining a comprehensive view even on a topic of limited scope, from a stack of publications is becoming an arduous task. Examples are presented from our recent experiences in the materials science field, where information is not shared among researchers studying different materials and different methods. To overcome the limitation, we propose a structured keywords method to reinforce the functionality of a future e-library.
Introduction
Science has expanded its knowledge by the subdivision of research domains and specialization of its sub-domains. A vast array of knowledge produced in those specialized domains has been accumulated mainly in journal articles. If we assume the subdivision rate and specialization rate are constant, we can reasonably speculate that the number of scientific domains and resulting scientific knowledge grows exponentially with time as already pointed out by de Solla Price [1] . However, the individual scientist has to focus on or specialize in only a few scientific sub-domains to keep up with the growth of the domains.
Although specialization is an inevitable strategy for obtaining a deeper scientific understanding, it is common sense that the flood of information and specialization make it difficult for scholars to obtain a comprehensive perspective not only on research domains different from their own domain, but also on their specific research topics. Ziman concisely describes this situation, in his article discussing scientific education, as 'Research scientists are trained to produce specialized bricks of knowledge, but not to look at the whole building' [2] .
A similar sense of crisis is also mentioned by other scholars [3] [4] [5] . Yamaguchi and Komiyama state:
In these decades, human beings have encountered fundamental difficulty due to the gap between the complexity of the problems encountered and the subdivision of our knowledge base. A person finds it difficult to grasp the whole of an issue because only a small part of the issue is native to his (her) specific field. [3] Börner mentioned that 'Traditional approaches struggle to keep up with the pace of information growth. In multidisciplinary fields of study it is especially difficult to maintain an overview of literature dynamics' [4] . Van der Vet also noted that:
Researchers feel overwhelmed by the information flood. Indeed, some believe that even without performing experiments (other than, perhaps, confirmatory experiments), many new and important discoveries can be made by exploring what is known already. This, then, is an important issue on the research agenda that will drive both technical developments and changes in the scientific communication system. [5] It is a natural consequence that such a loss of comprehensive vision reduces the opportunities to utilize knowledge other than that already possessed by each scholar. We sometimes feel it difficult to grasp the entire perspective even on a topic we are familiar with, or to catch up with current research. It is also a daily issue that, when we look through recent scientific papers, we find one reporting a result already known or easily inferred from the previous studies. Recently, we have been faced with two such cases in vapor deposition processes, which is a sub-domain of materials science and engineering (MSE).
Gap between researchers

Roughness evolution during chemical vapor deposition
The first example is roughness evolution during chemical vapor deposition (CVD). CVD is a technique to synthesize solid materials via the chemical reaction of gaseous species. CVD is now becoming an indispensable technology that is suited to various applications such as coatings, particle production, and microelectronic devices. During CVD coating of films, porous or rough films are often produced, although smooth, dense films are often desirable. A typical example of the roughness is shown in Figure  1 (a). Such abnormal structures formed in CVD have been widely observed experimentally, and are found in thin films of a variety of materials such as silicon (Si), silicon carbide (SiC), titanium nitride (TiN), aluminium nitride (AlN), and so forth. Our previous survey collected 15 papers that experimentally reported the occurrence of such protrusions [6] . To restrain such protrusions, operating conditions such as temperatures and pressures are usually optimized to produce desirable films by using trial-and-error Researchers studying different materials and different methods adjustment. Until recently, neither the conditions causing undesirable film growth, nor the methods to eliminate them, were commonly reported in experimental studies.
However, contrary to such experimental efforts, a number of theoretical works modelling the protrusion growth have already been published. The mechanism that amplifies the instability of the roughness is well known in those theoretical works. In diffusion-limited conditions, difference in diffusion fluxes to the film and to the protrusions exists due to the concentration gradient, which causes the growth of such protrusions. As the protrusion grows, the difference increases drastically. Therefore, as a result of such positive feedback, the protrusion exponentially increases in size as the deposition proceeds. This is schematically shown in Figure 1(b) . In the figure, the grey zone is a deposited film with hemisphere roughness on the surface. The line denotes the contour of concentration of the depositing species. The dense contour line around the top of the roughness is the cause of roughness evolution. According to our previous survey, 11 theoretical works exist [6] . However, only one among 15 experimental articles cites theoretical works, and only about half the theoretical articles cite experimental ones. Figure 2 illustrates a citation network of those literatures. In the figure, closed and open circles are experimental works and theoretical works, respectively. We used the network analyzing software Pajek to visualize the network structure. The algorithm we used was the 'Kamada-Kawai' spring layout method [9] , which puts spring between all pairs that relax to edge length and minimizes the entire energy of the network. The unlinking node is removed from the layout.
It is clear that there is a citation gap between the experimental domain and the theoretical domain. The only experimental work that cites theoretical work is the one by Ravi et al. [7] (shown as Ravi 1992 in Figure 2 ). This means that theoretical works are not effectively utilized by experimentalists. On the contrary, half of the theoretical works cite experimental ones. This is because it is difficult for theoretical papers to be accepted without showing that their modelling target is already known experimentally and there is a need to theoretically model the phenomena. It is also noteworthy to point out that they refer to specific experimental works such as Ravi 1992 [7] and Hartman 1991 [8] . It is also worth pointing out that there has been no work to directly compare the experimental and theoretical results until recently [6] .
Preferred orientation of sputter-deposited films
Another example is preferred orientation (PO) during sputtering. Sputtering is a physical process whereby atoms in a solid target material are ejected into the gas phase due to bombardment of the material by energetic ions. It is commonly used for thin-film deposition. PO is a term representing film structures where grains with a crystallographic orientation normal for a substrate preferentially grow in polycrystalline films. Controlling the PO of such films is important for a variety of materials because it affects film properties such as surface acoustic wave (SAW) velocity in SAW devices and electromigration resistance of interconnects in ultra-large-scale integration (ULSI). Due to its technological importance, a number of studies have been performed. According to our previous survey on the PO of nitrides, there are 22 papers for the PO of AlN and 45 papers for that of TiN [10] . PO is affected by a variety of mechanisms that are influenced by a set of operating conditions during sputtering [10] . The proposed mechanisms include adsorption of depositing species and surface diffusion on the deposited films. However, unfortunately, the information on the mechanisms of PO is not shared among researchers studying different materials. is grain growth but not adsorption. The two sets of researchers agree on some of the mechanisms, but not on others. Figure 3 is a citation network of 22 papers on AlN and 45 papers on TiN. In Figure 3 , the visualization schema is the same as that for Figure 2 . Closed and open circles are studies of TiN and AlN, respectively. Grey circles handle both TiN and AlN, but are cited by only one paper on TiN. There is a narrow bridge between TiN domains and AlN domains from Li 2003 [11] to Cheng 2003 [12] , which are peripheral in those domains. It means that there is a gap between researchers studying different materials even on the same topic. There is only a narrow bridge between two domains. It is difficult for researchers in one domain to reach another domain by tracking this citation pathway.
H-II rocket
One might feel that the above examples are too specific and most of the current major scientific topics are performed systematically and therefore are not part of the problem. It is worth, for that reason, adding a final example: the crash of the H-II 8 rocket in Japan in 1999. One of the reasons for the crash is attributed to the deficiency of knowledge; the mechanical designer did not have knowledge of materials science [13] . He used fatigue property data measured by NASA, but the actual material used had a lower fatigue property. This is because the metal is processed by rolling in NASA but by forging in Japan. The different processing and the resulting large grain size in Japan lowered the fatigue property more than in the data from NASA, because smaller grain size strengthens the fatigue property known as the Hall-Petch relationship. This causal chain from processing to grain size to fatigue property is fundamental for a materials scientist but not for a mechanical designer. He knew the relationship between fatigue property and the composition of materials such that he used the fatigue data of materials having the same composition as NASA, but missed another pathway influencing the fatigue property. This is a good example showing that the gap between researchers may lose not only research opportunities, but also huge capital.
Computational support and current limitation
Therefore, it is reasonable to consider that enhancing the computational support to obtain a comprehensive perspective is indispensable. Currently, the widespread use of literature databases -such as the Science Citation Index (SCI), Medline, INSPEC and the Engineering Compendex -helps researchers to retrieve and access relevant documents. But in analyzing these databases, an e-library should offer functionalities other than retrieval and access. Kostoff named the process utilizing and analyzing accumulated bibliometric data 'database tomography' (DT) [14] . The basic technology of DT includes citation analysis and terms and relationship extractions by natural language processing (NLP).
Citation network analysis
Citation analysis pioneered by Eugene Garfield [15] and Derek J. de Solla Price [16] is one of the approaches to support a research activity. The basic concept of citation analysis is the assumption that scientific structure emerges as the connection of a citation network of literatures. Visualization Researchers studying different materials and different methods of the citation network helps the researcher understand the structure of science as shown in Figures  2 and 3 . Bibliometrics and related software tools have now become a mature methodology [4] .
A shortcoming of the citation-based approach is that the act of referencing another author's work in a research paper is assumed to reflect a direct semantic relationship between the citing and cited works. This has been criticized repeatedly. For instance, Harter et al. investigated the semantic relationship between citing and cited documents for articles in three journals in library and information science [17] . They concluded that the semantic similarity among pairs of cited and citing documents is typically very small. MacRoberts et al. pointed out the problems of citation-based analysis such as biased citing, self-citing, and the existence of non-cited influential papers [18, 19] . The limitation of citation network analysis also appears in Figures 2 and 3 . The figures reveal that there are gaps between domains related to the same topics, and it conveys an interesting implication from the perspective of social studies of science; that is, how the scientific activity is performed. But from the perspective of content of scientific knowledge, less seems to have been written.
Ultimately, citation-based analysis is too rough to analyze the knowledge itself. This is because knowledge is accumulated as a collection of articles but not as a network of epistemologically relevant elements such as theories and concepts. It is, therefore, a challenge to construct a research support system in order to answer the questions about scientific knowledge itself and to help us grasp the entire perspective on scientific knowledge in a research domain. This does not mean that there has been no effort in handling knowledge itself. Natural language processing (NLP) is one such method and next we provide a brief overview of NLP.
Natural language processing
NLP is currently used to improve the effectiveness of retrieval and access by using thesaurus, document sorting, and document clustering techniques. Additionally, NLP is expected to support knowledge extraction from those databases [20] [21] [22] . The most developing discipline of NLP in application may be bioinformatics due to its importance, and larger knowledge accumulation and production than those in other disciplines. The accumulated knowledge in biology is apparently larger than each researcher can manipulate. NLP in bioinformatics is aimed at extracting information such as protein, gene and small molecule interactions from scientific literatures [23] [24] [25] .
Famous works in knowledge extraction are those mimicking Swanson's discovery by NLP. Don R. Swanson proposed that combining existing, though not connected, knowledge results in new knowledge [26] : if one publication has stated the relationship between the two phenomena A and B while another has reported on the relationship between the phenomena B and C; and if no one has reported on the association between A and C, this association can be considered to be new knowledge. The crucial notion in this view is that two pieces of information are not directly related: there is only a hidden connection.
One of Swanson's discoveries concerns Raynaud's disease [26, 27] . Raynaud's disease causes intermittent blood flow in the extremities (fingers, toes, and ears) and neither a general treatment nor a cure existed for it. Swanson surveyed the literatures and formulated the hypothesis that fish oil may be used for treating Raynaud's disease [19] . Studying the literature on Raynaud's disease (i.e. C), Swanson observed that many blood-and blood vessel-related characteristics (i.e. B) are typical in Raynaud patients: blood viscosity and platelet aggregability are high. Also, there are vascular reactions such as vasoconstriction. Swanson also found that fish oil and its active ingredient eicosapentaenoic acid (EPA) (i.e. A) lowered blood viscosity and platelet aggregation. However, there was no article relating fish oil to Raynaud's disease. Later, Swanson's discoveries were corroborated experimentally and clinically [28] .
The Swanson type of discovery has great potential. Therefore, it has become a target of NLP. Gordon et al. extracted a plausible cause of Raynaud's disease from the medical literatures using statistical methods such as token frequency and record frequency [29] . But this includes large meaningless terms. This is also true for our case shown in Section 2. Table 2 is a list of synonyms for surface roughness and preferred orientation, which is manually bundled from related literatures. It is very difficult to construct such a thesaurus in a specified research domain using NLP. Actually, [30] .
Adding to the difficulty in term recognition, NLP also has a problem in extracting meaningful relationships between terms. One simple method to identify the interactions among concepts is to extract terms corresponding to concepts in each space co-occurring in the same article or, more reliably, in the same sentence. Such co-words may show a kind of relation among them, though it is often noisy [29, 30] To improve the precision of recalled relationships by co-occurrence, rule-based filtering is performed. For example, Weeber et al. extracted the cure for a disease, in this case, Raynaud's disease, by using a semantic filter [30] . Ono et al. proposed a method to extract proteinprotein interaction by pattern matching using a set of verbs [31] . Despite these efforts, automatic extraction of causal relationships is still difficult. In fact, Gordon and Lindsay [29] and also Weeber et al. [30] claimed that their system does not support discovery automatically but offers plausible candidates for discovery to assist the human expert user in formulating new hypotheses.
We must also note that NLP is required because current journal articles are written in natural language. An alternative approach to NLP is the use of metadata for articles. We should consider the reason why a bibliographic system can work well in bibliographic mapping because each article has metadata on bibliographic information, such as title, author, source, abstract, keyword, and references. Metadata may be defined as structured data about data [32] . Adding to those bibliographic metadata, a different format for publishing scientific knowledge needs to be developed in order to handle knowledge itself.
Structure of knowledge
Before considering the metadata for scientific publications, we must consider what in fact scientific knowledge is. The nature of knowledge has provoked great controversy in many disciplines. In the philosophical context, knowledge is defined as justified true belief [33] . According to this definition, most of the knowledge we believe as knowledge is abandoned because it is seldom justified or true in the strict meaning. This definition results in an infinite journey to seek a fundamental knowledge that is not justified by other knowledge. For example, basic physical laws such as Newton's equation of motion and the Schrödinger equation are not justified even though they are not disproved and supported by some experimental observations. In fact, there is continuous debate even on classical topics such as the principle of uncertainty [34] . There is also some debate in information science. Knowledge is often represented in a ladder that locates data on the bottom rung, the next rung belonging to information, then knowledge, and wisdom at the top. But it is difficult to distinguish them, especially as information and knowledge are closely associated [35] . We can say that we find information in scientific publications and we find knowledge in scientific Researchers studying different materials and different methods Table 2 Synonyms of surface roughness and preferred orientation surface roughness roughness, surface roughness, surface protrusions, rough morphology, rough surface morphology, nonuniform growth features, surface thickness heterogeneity, nodular morphology, rough nodular morphology, nodules, hillocks, tooth-like growths, growth protrusions, cauliflower-like deposit morphology, cauliflower-like growths, cauliflower structure, cauliflower-like protrusions, root mean square roughness, root mean square surface roughness, rms, rms roughness, height-height correlation function, peakto-peak roughness, peak to valley height difference, height of the protrusion, protrusion size, height of protrusions, nodule size, surface smoothness preferred orientation orientation, preferred orientation, preferred growth orientation, preferential orientation, preferable orientations, predominant orientation, preferred crystallographic orientation, preferential grain orientation, crystal orientation, crystallite orientation, crystallographic orientation, film orientation, orientation of the films, crystal texture, crystallographic texture, microcrystal texture, film texture, textured crystal orientation, degree of alignment publications. There is continuous debate on the nature of knowledge [36] . However, instead of considering the definition of knowledge further, we move on to look at how physicists talk about knowledge.
In their classical paper, Rosenblueth and Wiener described the essence and role of the model in science [37] . They mentioned that the intention and the result of a scientific activity are to obtain an understanding and control of some part of the universe. An inevitable step to obtaining these is creating a model, because no substantial part of reality is so simple that one can grasp and control it without abstraction. Modelling is a process that replaces the part of the universe under consideration, using an abstract model which has a similar but simpler structure. In natural science, models are expressed by relationships among concepts and physical quantities. For example, a smaller raindrop falls slower than a larger one in air, and a spear flies further when it is thrown spun. Newton's equation of motion, f = m(α) provides a further example among others [3] . While it is noteworthy that an abstract model including general features of the real world tends to be more highly evaluated than a mere collection of data, all these relationships are models. A physics textbook written about half a century ago was definitely based on this view. In the preface to their book, Hix and Alley stated, 'An excellent technique for utilizing this compilation of laws and effects in problem solution is to break the problem into input and output physical quantities' [38] . They call quantitative and qualitative relationships among concepts laws and effects, respectively. Physical laws and effects enable us to control the real world by tracing the path from input to output passing through a series of laws and effects.
The importance of capturing and representing real-world knowledge in information systems has also been recognized in disciplines such as artificial intelligence, software reuse, and database management [39, 40] . Ontology is proposed as an important technology to realize management of knowledge, and it is becoming a substantial research field [41] [42] [43] [44] [45] [46] . Ontology is a philosophical theory on the nature of existence. Researchers working in artificial intelligence are reincarnating this term as their own jargon to express 'a shared and common understanding of some domain that can be communicated between people and application systems' [47] . According to this definition, ontology is a method of representing knowledge in a machine-readable manner for computer manipulation. Formally, the concept of ontology is defined as
where O is an ontology, C is a set of concepts, R is a set of relations with C, A is an axiom to define O, and T is the top level in a hierarchy [48] . In short, ontology defines the basic terms and relations comprising the vocabulary of a topic area as well as the rules for combining terms and relations between terms with some rules called axioms. Ontology also defined the hierarchical structure of concepts, which is called taxonomy. This view of ontology is compatible with scientific knowledge. This view is also valid in materials science and engineering. In MSE, it is generally accepted that knowledge is a set of relations among process, structure, and property [3, [49] [50] [51] . For example, the band gap of nanoparticles depends on the size of those particles, which is driven by quantum confinement. The size of nanoparticles is, in turn, determined by processing such as CVD and sputter and also operating conditions during processing. And as shown in the rocket example, the composition of materials influences fatigue property, and grain sizes are controlled by processing. Although there are some variations (e.g. property is sometimes called function [3] , and quantitative expression of property is called performance [49] [50] [51] ) the above view can be regarded as obtaining general agreement. Using MSE knowledge, i.e. qualitative and quantitative models on those causal chains, we can obtain materials having the desired functional properties. Concepts in MSE such as band gap, size, and temperature, belong to the top-level categories of property, structure, and process, respectively. Knowledge in MSE can be summarized as relationships among concepts belonging to process, structure, property, and also the mechanisms underlying them. The entire set of these concepts, relations, taxonomical schema, and their rules are defined as the ontology of MSE. Similarly, knowledge in molecular biology can be represented by relations among concepts Researchers studying different materials and different methods consisting of genomic, transcriptomic, proteomic, metabolomic, and phenomic space [52] . Each substance is C, which can be classified into this omic-space, i.e. T. This is schematically shown in Figure 4 . In organic chemistry, the molecule is depicted as a graph where the nodes stand for atoms and the edges for chemical bonds. The nodes and edges in the picture stand for concepts, and the set of such pictures can be regarded as an ontology of molecules [53, 54] . We can also regard molecules as elements and reaction among molecules as relations.
Structured keywords
Current bibliographic metadata does not support an explicit expression of scientific knowledge. It usually appears in abstracts and keywords but their concepts and relations are not written in a machine-readable manner, which is shown in how difficult it is to automatically extract Swanson's discovery from a stack of medical literatures. Structuring abstracts and keywords is one way for the method to offer additional functionality. Adding to those bibliographic metadata, a different format for publishing scientific knowledge needs to be developed in order to handle knowledge itself. If the literatures have supplemental data based on this metadata in addition to the traditional format of literatures, causal relationships which authors aim to claim are explicitly defined in a machinereadable manner. The introduction of structured abstracts is one of such efforts [55] [56] [57] . Many medical research journals require that their authors address canonical categories in a common sequence under a series of sub-headings in their structured abstracts. A structured abstract consists of Background (the context of the research), Objectives (the purpose behind the article), Approach (the research approach), Results (the results obtained), and Conclusions (the conclusions reached). Papers with a structured abstract are easier to read, easier to search, and as a result, are generally welcomed by readers and by authors. Therefore, structured abstracts are accepted in a number of medical literatures.
Although structured abstract sub-headings may satisfy the information requirements of different readers, especially for policy makers and R&D managers, most of the knowledge for researchers in the domain is still behind the natural language written in results and/or conclusions sub-headings. To overcome the limitation, structuring the current keyword system is suggested to express explicitly the knowledge claimed in the publication. We call this a metadata-based keyword system supplemented with the structured keywords for each article. The first step in structuring the keyword is to use controlled terminology. Some might believe that online searching brings us relevant documents to input any query and it will soon make keywords and human subject classification things of the past. However, this ignores the complexities involved in searching when the input query does not match the exact terminology used in the textual material to be retrieved [58] . As already shown in Table 2 , a variety of terms are currently used for the same concept. It is still difficult to construct a thesaurus to bundle these synonyms automatically. Therefore, controlled terminology is necessary publication affects the whole research community negatively. Therefore, proposals to modify the literature should result in publication becoming easier, not more difficult. Compared to publication in XML format, providing structured abstracts and structured keywords is simple to implement. It is relatively realistic to introduce a new format not in the main text of scientific publications but as supplemental information in the near future. Another future scenario is that scientific publications will be continuously written in natural language with only bibliographic metadata such as author and journal. However, in this case, the situation shown in Section 2 will not be improved. Actually, when we read scientific publications, it is very time consuming to extract knowledge (usually, causal relationships among concepts) from them. On average, natural scientists are reported to spend slightly less than two hours per week reading journals, and 60% of this 'reading' involves scanning titles and abstracts of journals as they arrive on the scientist's desk [61] . A recent Elsevier survey showed that on average science readers read 97 articles per year, twice as many (204) abstracts, and ten times as many (1142) titles [62] . We must support readers having limited time to understand what knowledge is written in those papers. In some cases, the relationships among concepts are manually annotated and databases such as the protein-protein interaction database are constructed. However, because the annotator must deliberately understand the content and the author's claim, it is not realistic that the database developer create those data for all of the published and forthcoming articles. Authors should give a structured abstract and structured keywords, which apparently is cheaper than annotators doing the same task. There are three advantages to using structured keywords:
(1) an increase in accessibility by retrieval due to controlled vocabulary, (2) easy understanding of the author's claim in a literature, and (3) machine manipulation of relationships among different literatures enabling the Swanson type of discovery.
In their previous reports, Kostoff and Hartley proposed categorizing keywords by the following sub-headings; Directly related technologies; Indirectly related technologies; Technical phenomena; Capabilities addressed; Potential applications; Instruments and procedures; and Theoretical tools [58, 63] . Such a categorization of keywords is definitely helpful for readers wishing to understand why the paper is important, what potential applications it has, and what experimental and theoretical tools are used there. Although these sub-headings are useful to show the context of the research, it is still difficult to understand the content of the research, i.e. what knowledge is studied, and what new knowledge is claimed in that paper. As shown in Figure 4 , in most cases, knowledge claimed in technical literatures can be expressed by causal relationships among concepts. It is more beneficial for readers that authors explicitly express the context and content of their research through structured abstracts and keywords.
Concluding remarks
Scientific publications written in natural language have played a central role as our knowledge source. However, due to the flood of publications, obtaining a comprehensive view even on a topic of limited scope from a stack of publications is becoming an arduous task. Examples are presented from our recent experiences in the materials science field. The first example is roughness evolution during chemical vapor deposition where a gap exists between experimental and theoretical research domains. The second example is preferred orientation during sputtering where information is not shared among researchers studying different materials. A citation-based approach and natural language processing are expected to provide a comprehensive view. However, it is doubtful that those techniques can extract causal knowledge from text written in the list of references or in natural language. We are now at the stage where we should consider future publication formats for scientific knowledge.
In this context, the concept of structured keywords is proposed to reinforce the functionality of a future e-library. The proposed keyword format consists of controlled terminology and explicit Researchers studying different materials and different methods expression of relationships among concepts. When we compare the new style of scientific articles having structured keywords with the traditional style of those written only in unstructured text, the advantage of the former is clear. Segmentation of text data into these metadata is useful for machine manipulation, and therefore can provide an additional function to the literature retrieval process. There are clear advantages to using structured keywords. For example, structured keywords increase accessibility by retrieval due to controlled vocabulary, and allow machine manipulation of relationships among different literatures, enabling the Swanson type of discovery. They are also beneficial for readers because they help easy understanding of the author's claim in a literature. We believe that the structured keywords will provide a useful tool for researchers not only in MSE, but also in other disciplines of science. This perspective, we believe, has the potential to change the scientific method, or at least, the method of publishing and obtaining knowledge.
